Convoluted cortical folding and neuronal wiring are 2 prominent attributes of the mammalian brain. However, the macroscale intrinsic relationship between these 2 general cross-species attributes, as well as the underlying principles that sculpt the architecture of the cerebral cortex, remains unclear. Here, we show that the axonal fibers connected to gyri are significantly denser than those connected to sulci. In human, chimpanzee, and macaque brains, a dominant fraction of axonal fibers were found to be connected to the gyri. This finding has been replicated in a range of mammalian brains via diffusion tensor imaging and high--angular resolution diffusion imaging. These results may have shed some lights on fundamental mechanisms for development and organization of the cerebral cortex, suggesting that axonal pushing is a mechanism of cortical folding.
Introduction
Neuroscience research has demonstrated that the neural structures of gyri and sulci emerge from complex cortical folding processes during development (Rakic 1988) . Among many factors (Barron 1950; Rakic 1988; Welker 1990; Sur and Rubenstein 2005) that play important roles in complex cortical folding, the axonal wiring process is believed to be a critical determinant (O'Leary 1989; Van Essen 1997) . Therefore, at the conceptual level, it is reasonable to postulate that there is a close relationship between cortical folding and axonal wiring. However, due to a lack of joint and quantitative mapping between axonal wiring patterns and gyral and sulcal formations, the underlying mechanisms guiding these processes remain unclear. In this paper, based on quantitative analysis of macroscale neuroimaging data and microscale microscopic bioimaging data, we present a novel axonal pushing theory of cortical folding.
Thanks to recent technical developments, diffusion tensor imaging (DTI) is now able to quantitatively map axonal fiber connections (Mori 2006) , and DTI-derived fiber tracts are well correlated with axon densities (Mori et al. 1999; Stieltjes et al. 2001) . In this paper, we acquired in vivo DTI data in order to quantitatively map the axons connected to the cerebral cortices in humans, chimpanzees, and macaque monkeys and applied in-house software tools (Liu et al. 2007 (Liu et al. , 2008 to reconstruct geometric representations of these primate cortices from the DTI data. By applying a joint analysis that considers DTIderived fiber connection patterns within a neuroanatomic context of cortical folds , we are able to quantify the folding patterns and fiber connection properties within the same structural substrate of a local cortical surface patch. Therefore, we quantitatively characterized the relationship between axonal connection patterns and gyral and sulcal patterns in order to elucidate the intrinsic relationships between axonal wiring and cortical folding. Results indicated that a majority of axons were connected to the gyri in human, chimpanzee, and macaque monkey cortices. This finding was further replicated and validated via high--angular resolution diffusion imaging (HARDI; Tuch et al. 2002) , multiple tractography approaches, and multiple cortical surface reconstruction methods.
Inspired by the finding that a majority of axonal fibers are connected to gyral regions, we posited that cortical folding is induced and/or regulated by ''pushing'' of wiring axons. We tested our hypothesis by applying macroscale neuroimaging and microscale bioimaging. In particular, in addition to DTI and HARDI of primate brains, we performed time-lapse confocal microscopic imaging of actin filament (axon marker) dynamics of developing Drosophila ''thoracic ganglia'' (a central nervous system [CNS] structure), and it was found that axon density correlated positively with the morphogenesis of convex shapes of the thoracic ganglia. In addition, we measured the Young's modulus (a measure of the stiffness of a material; Chou and Pagano 1992) of convex and concave regions of the growing Drosophila thoracic ganglia by time-lapse atomic force microscopy (AFM) under the contact mode and found that the Young's modulus in convex regions is approximately 10 times that in concave regions and rapidly increases during development. These biomechanical data provide further support to our axonal pushing hypothesis. This work opens up a new angle for future exploration of the molecular and cellular underpinnings of cortical folding and the interactions among different cortical folding mechanisms.
Materials and Methods

DTI of Human Brains
In vivo DTI data were acquired in 2 separate groups (n = 9 and n = 15) of healthy young adults at The University of Georgia (GE 3T Signa MRI system) under Institutional Review Board approval (The imaging parameters were provided in Supplementary Material). These 2 separate groups of healthy adults were used for reproducibility study.
Axonal fibers were reconstructed via the streamlined tractography method (Mori et al. 1999; Stieltjes et al. 2001) , and geometric surface representations of cerebral cortices were reconstructed from brain tissue maps derived from the segmentation of DTI data (Liu et al. 2007 ). The cortical surfaces were further parcellated into gyral and sulcal regions, and fiber connection patterns were classified according to the gyri or sulci they connected. Fiber densities on gyri and sulci along with the percentage of fiber connection patterns were quantified in the primate brains.
DTI of Chimpanzee and Macaque Monkey Brains
In vivo DTI and structural magnetic resonance imaging (MRI) data were acquired on chimpanzees and macaque monkeys (n = 36 and n = 25, respectively) at Emory University (Siemens 3T Trio scanner) with Institutional Animal Care and Use Committee approval (The imaging parameters were provided in Supplementary Material). Prior to scanning, the subjects were immobilized with ketamine injections and were subsequently anesthetized with an intravenous propofol drip following standard veterinary procedures used at Emory University's Yerkes National Primate Research Center. The subjects remained sedated for the duration of the scans as well as the time needed for transport between their home cage and the scanner location. Both anatomical and diffusion MRI scans were performed with a human knee coil. Preprocessing steps were similar to those used in the processing of human brain data sets.
HARDI of Human Brains
Full-brain coverage high angular resolution diffusion imaging (HARDI) images were acquired from adult subjects (n = 5) using a Siemens 3T Trio MR Scanner at UNC Chapel Hill. Scanning parameters were as follows: repetition time = 12 400 ms, echo time = 116 ms, diffusion weighting b = 2000 s/mm 2 , 120 noncollinear directions, flip angle = 90°, matrix = 128 3 128, field of view = 256 3 256 mm 2 , 80 slices, slice thickness = 2 mm. The software package MEDINRIA (http://wwwsop.inria.fr/asclepios/software/MedINRIA) was used for preprocessing and analysis of this HARDI data set.
Time-lapse Confocal Microscopic Imaging of Drosophila
Unlike the primate brain, the rapid growth rate of the Drosophila CNS provides the opportunity to monitor the correlation between axon accumulation and Drosophila thoracic growth in vivo and to dynamically measure the mechanical properties of Young's modulus on the thoracic surface. We performed time-lapse confocal microscopic imaging of actin filament (axon marker, stained by rhodamineconjugated phalloidin) dynamics of the developing thoracic ganglia within a time window from 72 h AED (after egg deposition) to AEM (after adult emergence).
AFM of Drosophila
The Young's modulus of convex and concave regions of the growing Drosophila thoracic ganglia was measured by AFM under the contact mode. With the aid of an optical microscope, the AFM probe was located directly above the interested position to measure the difference of Young's modulus in convex and concave regions and to measure the dynamics of Young's modulus in convex regions.
Results
Axonal Fiber Terminations Concentrate on Gyri in Human Brain
We analyzed 2 human brain DTI data sets (n = 15 and n = 9) and visualized the cortical surfaces and fiber connections. As demonstrated in Figure 1a ,b, distributions of fiber ending points closely follow gyral folding patterns and concentrate on gyral regions (Fig. 1b) . This observation is reproducible in all 24 cases of human brain DTI data we analyzed (additional cases shown in Supplementary Fig. 1 ). Quantitatively, we defined DTI-based axonal fiber density as the number of fibers per unit surface area and represented density through a color-coded scheme on the gyri and sulci (Fig. 1c) . Fiber densities in gyral regions are much higher (red color) than those in sulcal regions (blue color). On average, in humans, the axonal fiber density in gyral regions is 5.2 times that in sulcal regions (Fig. 1d, e) . Furthermore, we classified fiber connection patterns according to the type of regions they connect to (gyral, sulcal, or subcortical regions), yielding 6 patterns. The histograms of fiber connection patterns for the 24 subjects are presented in Figure 1f ,g, which show that gyral--gyral connections are highly dominant. Quantitatively, the average percentages of gyral--gyral, gyral--sulcal, sulcal--sulcal, gyral--subcortical, and sulcal--subcortical connections are 61.2%, 19.2%, 2.9%, 11.1%, and 1.7%, respectively.
Axonal Fiber Terminations Concentrate on Gyri in Chimpanzee and Macaque Brains
We performed DTI-based analysis of axonal connection patterns and cortical shapes in chimpanzee and macaque brains. Figures 2a--c and 2d--f show the results for chimpanzee and macaque brains, respectively. It is evident in Figure 2a ,d that axonal fiber densities in gyral regions are much higher than those in sulcal regions, and this result was consistent in all 20 primate brains we studied (additional results in Supplementary Figs 2 and 3), replicating our findings in the human brain. Histograms of fiber connection patterns presented in Figure  2c ,f show that gyral--gyral fibers are the most dominant. Quantitatively, the average percentages of gyral--gyral, gyral--sulcal, and sulcal--sulcal connections are 67.2%, 28.4%, and 3.8% in chimpanzee brains and 66.1%, 29.5%, and 0.9% in macaque brains, respectively. These results replicate our findings in Figure 1 in the human brain. In addition to primate cerebral cortex, we examined the cerebellum of the mouse brain using diffusion tensor microimaging data (45 micron per pixel isotropic; Zhang et al. 2003) . Supplementary Figure 4 demonstrates that fiber end points concentrate in gyral regions, instead of sulcal regions, in the mouse cerebellum. This result suggests that the explanatory power of our finding and axonal pushing hypothesis is not limited to the cerebral cortex.
Reproducible Results via HARDI
We performed similar cortical surface reconstruction and fiber density mapping for the HARDI data set. As shown in Figure 3a ,b, the HARDI results, again, show that fiber densities in gyral regions are significantly higher than those in sulcal regions. Quantitatively, the average axonal fiber density in gyral regions is 3.8 times that in sulcal regions, as shown in Figure 3c . In particular, the average percentages of gyral--gyral, gyral--sulcal, and sulcal--sulcal connections are 68.1%, 20.9%, and 5.5%, respectively, as detailed in Figure 3d . These results obtained from HARDI data further replicate our conclusion that a significant majority of axonal fibers concentrate on gyri. Visualizations of tracked fibers and mapped fiber densities on cortical surfaces for an additional group of 4 subjects are shown in Supplementary Figure 5 .
So far, our quantitative analyses in Figures 1--3 and Supplementary Figures 1--5 using 2 separate human brain DTI data sets, 1 chimpanzee brain DTI data set, 1 macaque brain DTI data set, and 1 human brain HARDI data set, as well as a mouse brain diffusion tensor microimaging data set, have demonstrated the same finding: A dominant percentage of axonal fibers terminate in gyral regions in the mammalian brain. This finding derived from in vivo neuroimaging data will be further evaluated and validated in the following sections via comparisons of tractography approaches and comparisons of cortical surface reconstruction methods.
Comparison of DTI Tractography Approaches
Streamline tractography (Mori et al. 1999; Stieltjes et al. 2001) and stochastic tractography (Behrens et al. 2003) are among the most established and rigorously validated tractography approaches in the DTI literature. In order to evaluate the reproducibility and sensitivity of our findings to different DTI tractography approaches, we analyzed the DTI data of 1 subject using 2 streamline tractography methods (DTIStudio: https:// www.mristudio.org/ and MEDINRIA: http://www-sop.inria.fr/ asclepios/software/MedINRIA/) and 1 stochastic tractography method (FMRIB Software Library: http://www.fmrib.ox.ac.uk/ fsl/) and compared the results obtained. Specifically, the fiber densities measured via streamline tractography methods and structural connection strength measured via stochastic tractography were mapped onto the same cortical surface. As illustrated in Figure 4 , the same conclusion can be drawn from the results obtained from these 3 tractography methods: A dominant percentage of axonal fibers terminate on gyral regions, as reported in the previous sections. Also, it can be clearly seen that the 3 tractography approaches display strong structural connections across similar gyral regions. These results demonstrate that our DTI-derived findings in Figures 1 and 2 are not dependent on the tractography approaches used. These results further indicate the reproducibility of our DTI-derived findings.
Comparison of Cortical Surface Reconstruction Approaches
The cortical surfaces in the above sections were reconstructed from the relatively lower resolution DTI images, but not from the T1-weighted structural MRI images, in order to avoid the misalignment (Liu et al. 2007 ) in the registration of MRI and DTI images due to inherent geometric distortion of echo planar imaging sequences. Here, we performed a comparison study between the cortical surfaces reconstructed from DTI images and structural T1 MRI data. As shown in Figure 5a ,b, the quality of the cortical surface from DTI images is acceptable, in comparison with that from structural MRI data. It should also be noted that certain shape details are missing in DTI-derived cortical surfaces due to the lower spatial resolution of DTI images (e.g., 2 mm isotropic) and there are noticeable differences between the geometric shapes in T1-weighted and DTI-reconstructed cortical surfaces. Therefore, we used the cortical surface reconstructed from DTI images.
In addition, we performed analyses of the relationships between fiber densities and gyral/sulcal regions using a highquality cortical surface reconstructed from the publicly available Johns Hopkins University Eve Atlas (Oishi et al. 2009 ). Because both structural MRI and DTI images have high resolution of 181 3 217 3 181/1 3 1 3 1 mm and the DTI data were B0 distortion--corrected (considered as benchmark data), the cortical surfaces reconstructed from MRI and DTI images are very similar, as visualized in the Figure 5c ,d and quantified in the Figure 5e ,f, respectively. The average distance between these 2 reconstructed cortical surfaces was only 1.24 mm. These results demonstrate that the cortical surface reconstructed from DTI image has comparable quality, in comparison with the cortical surface from T1 MRI image. Then, we performed fiber density mapping using both cortical surfaces and showed the results in Figure 5g ,h. The fiber density mapping results using both cortical surfaces led to the same conclusion: Gyral regions have much higher fiber densities, which once again replicates our major result and conclusion in this paper-axonal fiber terminations concentrate on gyral regions in the mammalian brain. 
Actin Dynamics Positively Correlate with Convex Drosophila Thoracic Ganglia Shape Formation
Since the mechanisms of axonal wiring are well preserved across species (Bagnard 2007) , we also examined the axonal pushing hypothesis in the well-studied Drosophila. We performed time-lapse confocal microscopic imaging of actin filament dynamics in the developing Drosophila thoracic ganglia (a CNS structure) within a time window from 72 h AED to 1 h AEM. As shown in Figure 6a ,f, actin dynamics positively correlated with convex shape formations on the The fiber density is mapped on the cortical surface. The color bar of fiber density is at the bottom. Red and blue stand for high and low fiber density, respectively. (c) Differences of fiber density in gyral and sulcal regions in the HARDI data set of 5 subjects. The horizontal axis is the index of subjects, and vertical axis represents normalized fiber density. (d) Histograms of fiber connection patterns in 5 human brain HARDI data sets.
thoracic ganglia, as highlighted by white arrows, and this finding was reproducible in other cases (Supplementary Figs 6  and 7 ). This ''positive'' correlation between axon accumulation and convex thoracic ganglia growth in Drosophila provides evidence supporting that axonal pushing might be a general mechanism of CNS morphogenesis.
Young's Modulus in Convex Regions Is Significantly Higher Than That in Concave Regions and Increases Rapidly during Development
In order to further reveal the biological and biomechanical feasibilities of our axonal pushing hypothesis, we measured the Young's modulus of convex and concave regions (Fig. 6g) of the growing Drosophila thoracic ganglia via AFM in the contact mode. Young's modulus (details in Supplementary Fig. 8 ) in the convex and concave regions is shown in Figure 6h . The Young's modulus in the convex thoracic ganglia region (500 kPa) is approximately 10 times that in the concave region (51 kPa). These results suggest that convex regions with dense axons are much stiffer than the concave regions. Additionally, we performed time-lapse AFM imaging to measure the dynamics of Young's modulus (experimental details in Supplementary Figs 9 and 10) in a convex thoracic ganglia region. It is striking that Young's modulus increases dramatically (from 100 to 1000 kPa) during a time window of 210 min (Fig. 6i) , suggesting that axons become increasingly stiff. Also, the protruding areas of the actin filaments (indicated by the arrows in Fig. 6a ) expanded 6 times within 12 h, within which time window the time series AFM measurements of Young's modulus were performed. This result suggests that the degrees of axonal stiffness and actin accumulation follow similar temporal trajectories during development. Therefore, we hypothesize that growing axons push the growing tissue such that it has to expand in tangential directions, as illustrated in Supplementary Figure 11c ,d. To support this premise from a biomechanical perspective, we performed a biomechanical simulation (more details in Supplementary Material) to demonstrate the feasibility of the axonal pushing hypothesis. The results in Supplementary Figure 12 show that the pushing force simulations produced more realistic-looking continuous gyral shapes, while the pulling force simulations led to broken unnatural gyral shapes. Quantitatively, the shape pattern histograms of simulated surfaces by the pushing force model were much more similar to those of real-world cortical surfaces.
Discussion and Conclusions
The results in Figures 1--5 and Supplementary Figures 1--5 demonstrated that a dominant percentage of axonal fibers are connected to gyral regions, relative to sulcal regions. This finding cannot be explained by the popular tension-based morphogenesis hypothesis (Van Essen 1997) , which posits that cortical regions that are strongly interconnected are pulled toward one another, forming a gyral fold, as demonstrated in Supplementary Figure 11b . In order to fill this significant gap, we posit that cortical folding is induced and/ or regulated by axonal pushing, as illustrated in Supplementary Figure 11c ,d. In early stages of brain development, thalamocortical, callosal, and cortico-cortical axons grow under the guidance of signaling molecules (Rash and Grove 2006; Dennis et al. 2007) , thus generating structural foundations for the resulting complex axonal networks (Dennis et al. 2007 ). These axons constantly ''push'' the cortical plate such that growing cortical layers (due to cell proliferation, migration, and growth) expand in tangential directions ( Supplementary Fig. 11c ). Because of the mechanical constraint imposed by the skull (Barron 1950; Richman et al. 1975; Nie et al. 2010) , certain cortical regions must bend inward to form cortical sulci, and as a result, the cortical regions pushed by stiff axons form as the convex shapes of cortical gyri (illustrated in Supplementary Fig. 11d) .
The above-mentioned axonal pushing mechanism of cortical folding is concordant with other neuroscience knowledge and brain imaging data. Developmental neuroscience suggests that thalamocortical, callosal, and cortico-cortical axonal fibers are developed in early stages of corticogenesis (Schwarts et al. 1991; Brown et al. 2002) , and imaging studies (Levine and Barnes 1999; Batchelor et al. 2002) have shown that the precentral and postcentral gyri, as well as the central, precentral, and postcentral sulci (Thompson et al. 1996) , are among the earliest developed cortical folds. The results in Figure 1b demonstrated that thalamocortical axons connecting to the primary motor and sensory cortices concentrate on the precentral and postcentral gyri, but ''not'' on the central, precentral, or postcentral sulci, as necessitated by a pulling force. In addition, most thalamocortical, callosal, and corticocortical axonal fibers developed early in the corticogenesis process (Schwarts et al. 1991; Brown et al. 2002) are connected to gyral regions (Figs 1--4 and Supplementary Figs 1--5) , consistent with a pushing force hypothesis.
In summary, our axonal pushing hypothesis of cortical folding is consistent with macroscale diffusion MRI data in Figures 1--3 and is in agreement with microscale bioimaging in Drosophila CNS (Fig. 6 and Supplementary Figs 6--10) . Our diffusion MRI data demonstrated that gyri have significantly higher axonal connections relative to sulci, a finding that was replicated in a range of primate species including humans, chimpanzees, and macaque monkeys via DTI and HARDI. Furthermore, Drosophila thoracic axon densities are correlated positively with the morphogenesis of its convex shapes, and the Young's modulus in convex regions is around 10 times that in concave regions and it rapidly increases during neurodevelopment. Supported by these findings, the axonal pushing hypothesis offers a novel explanation into the intrinsic relationships between cortical folding and axonal wiring and 
